We estimate dynamic conditional correlations of financial asset returns across countries by an array of multivariate GARCH models and analyze spillover effects of the recent US financial crisis on 5 emerging Asian countries. We find a symptom of financial contagion around the collapse of Lehman Brothers in September 2008. There appears to be a regime shift to substantially higher conditional correlations that persisted for a fairly short-period of time. We also propose a novel approach that allows simultaneous estimations of the conditional correlation coefficient and the effects of its determining factors over time, which can be used to identify channels of spillovers. We find the dominant role of foreign investment for the conditional correlations in international equity markets. The dollar Libor-OIS spread, the sovereign CDS premium, and foreign investment are found to play significant roles in foreign exchange markets.
Introduction
The collapse of the US housing market and the ensuing sub-prime mortgage market crash in the During the same period, the Korean Won depreciated against the US dollar by 19.2% as global risk aversion spurred demand for a safe asset (ironically, US dollars), which led to strong deteriorating spillover effects on real sectors.
Even though understanding the nature of contagion in financial markets is of fundamental importance, the economic profession has failed to reach a consensus even on the existence of contagion during earlier financial crises. Forbes and Rigobon (2002), for example, argue that virtually all previous evidence of contagion (see, among others, King and Wadhwani, 1990 , Lee and Kim, 1993, Calvo and Reinhart, 1996 ) disappears when unconditional cross-market correlation coefficients are corrected for bias. Corsetti et al. (2005) , however, point out Forbes and Rigobon's test is biased towards the null hypothesis of no contagion, and report stronger evidence of contagion with an alternative test.
In this paper, we investigate the transmission of the recent US crisis to financial markets in five emerging Asian economies: Indonesia, Korea, the Philippines, Thailand, and Taiwan. We are particularly interested in the following questions. Is there empirical evidence of contagion from the US to emerging Asian financial markets? If so, when did it occur and for how long did it last?
More importantly, through what channels did the contagion spread to those markets? We employ an array of multivariate generalized autoregressive conditional heteroskedasticity (MGARCH) models to seek answers to these questions.
To answer the first two questions, we employ Engle's (2002) dynamic conditional correlation (DCC) model and a nonlinear conditional correlation MGARCH (NLCC-MGARCH) models, the exponential smooth transition (EST) model. Throughout the paper, we focus on time-varying dynamic conditional correlations during the recent crisis instead of unconditional correlation coefficients as in our view the latter lacks practical usefulness from a policy perspective. Our NLCC-MGARCH model estimations for the equity and foreign exchange markets in the US and 5 emerging Asian economies identified two substantially different conditional correlations around the Lehman episode. Overall, transitions from the tranquil period to the contagion period occurred very quickly and lasted for fairly short period of time. This implies that these countries can experience a sudden acceleration of systemic risk when exogenous shocks occur. We do not claim, however, that the conditional correlation was the highest during the crisis in the entire sample period. Instead, we demonstrate that the correlation of asset returns of the source and the victim countries tends to increase rapidly during the crisis.
To answer the third question, we propose a novel DCC-MGARCH-type model with exogenous variables (DCCX-MGARCH). To the best of our knowledge, this method is the first that estimates both the dynamic conditional correlation and the effects of explanatory variables simultaneously in a unified framework. The DCCX-MGARCH method can be quite useful to see what economic fundamental variables affect the cross-country correlations in order to identify the channels of contagion.
A number of variables can be considered for the factors that determine time-varying conditional correlations. We consider the following three channels of contagion. The first one is the factors that proxy the vulnerability of the US financial markets. We consider the VIX index for this purpose.
The TED spread and the daily 3-month US dollar Libor-overnight index swap (OIS) spread are also considered as liquidity availability measures. Secondly, we use the sovereign credit default swap (CDS) premium as a proxy for weakness of emerging Asian markets. The last factor is the amount of foreign order flow (foreign investment) to quantitatively measure the role of foreign capital.
Our estimation reveals a dominant role of foreign capital for the conditional correlations in international equity markets. In foreign exchange markets, the Libor-OIS spread, the sovereign CDS premium, and the market share of foreign investors are found to play important roles. These findings provide valuable policy implications. The importance of foreign capital, for instance, calls for institutional arrangements such as currency swap agreements.
The remainder of the present paper is organized as follows. Section 2 provides a brief literature review. In Section 3, we present our empirical models and discuss estimation techniques employed. Section 4 describes the data and presents the empirical results. Some concluding remarks and policy implications are reported in the last section.
Literature review
The empirical literature on spillover/contagion is extensive. There are at least two important but unsettled issues: 1) whether contagion actually occurred between countries/markets during financial crises in the past; 2) if contagion occurred, through what channels adverse shocks propagated to other countries/markets from the source.
To deal with the first issue, researchers typically employ a sub-sample analysis for a structural break (with a known structural break date) in unconditional cross-market correlation coefficients in the pre-and post-crisis period. If the correlation coefficient increases significantly during the crisis, this may imply statistically higher degree cross-market linkages, in other words, contagion.
Examples of studies that employ such methods include: King and Wadhwani (1990) , Lee and Kim (1993) , Calvo and Reinhart (1996) , and Baig and Goldfajn (1999), among others. Many of these papers find sizable differences in correlation coefficients and conclude contagion occurred during the crises they investigated. 1 Forbes and Rigobon (2002) point out, however, that these tests based on sub-sample comparisons of correlation coefficients may suffer from severe bias due to heteroskedasticity. 2 Correcting 1 King and Wadhwani (1990) investigate stock return correlations between the US, the UK, and Japan and report a significant increase in the cross-country correlation coefficients of stock returns after the 1987 US stock market crash. Lee and Kim (1993) find similar evidence from an extended data set with 12 major markets. Calvo and Reinhart (1996) find contagion between stock prices and bond prices after the 1994 Mexican crisis. Baig and Goldfajn (1999) also report evidence of cross-country contagion in the currency and equity markets during the East Asian crisis. 2 Boyer et al. (1999) and Loretan and English (2000) made the same point and derive similar bias correction methods independently.
for the bias, Forbes and Rigobon report virtually no evidence of contagion during crises in the past, including the 1997 East Asian crisis, the 1994 Mexican Peso (devaluation) crisis, and the 1987 US market crash. Instead, they find a high level of correlation in all periods, which they call interdependence. Corsetti et al. (2005) , however, point out that the tests by Boyer et al. (1999) and Forbes and Rigobon (2002) are biased towards the null hypothesis of no contagion. 3 Using a standard factor model, they report strong evidence of contagion during the 1997 Hong Kong stock market crisis.
An array of research uses GARCH-type models focusing on price-volatility spillover effects. The second issue, though we view more important than the first one from policy perspectives, has drawn relatively less attention. Rose and Spiegel (2009) , in their recent study for a crosssection of 85 countries, consider a real linkage (trade channel) and a financial linkage (foreign asset exposure) that may have allowed the recent US crisis to spread to other countries. They find little evidence that these channels are closely related with the incidence of the crisis. 4 Contagion due to financial channels seem highly plausible, though, because a high exposure to foreign assets can lead to a rapid deterioration in a country's balance sheet when exogenous foreign adverse shocks occur (see Davis, 2008) .
One way to investigate the role of financial linkages for exacerbating contagious effects is to compare dynamic conditional correlations across countries and across markets (see Frank and Hesse, 2009, for example). Our DCCX-MGARCH model is different from such models in that ours directly estimates the effects of exogenous variables on the time-varying conditional correlations in a unified MGARCH framework. To the best of our knowledge, this is a novel aspect of our model. Since it provides information on what variables play dominant roles for channelling adverse shocks from the source country to the recipient countries, it is possible to make more suitable policy suggestions.
The Econometric Model

The Dynamic Conditional Correlation Model
We first employ the dynamic conditional correlation (DCC) estimator (Engle, 2002) for multivariate generalized autoregressive conditional heteroskedasticity (MGARCH) models to estimate time-varying conditional correlations of international asset returns. DCC-MGARCH can be viewed as a generalization of the constant conditional correlation (CCC) estimator (Bollerslev, 1990) .
0 be a  ×1 vector of asset returns that obeys the following stochastic process.
where Γ() is the lag polynomial matrix. The conditional distribution of asset returns is assumed to be joint normal,
where Ω −1 is the adaptive information set at time  − 1. The conditional covariance matrix H  is defined as,
where D  is the diagonal matrix with the conditional variances along the diagonal,
nd R  is the time-varying correlation matrix. 5 The equation (3) can be re-parameterized as follows with standardized returns,
Engle proposes the following mean-reverting conditional correlations with the GARCH(1 1) specification.
where
and  is the unconditional correlation between   and   .  and  are non-negative scalars that satisfy  +   1. 6 In matrix form,
whereQ is the unconditional correlation matrix of   . R  is obtained by
Engle proposes a two-step approach for estimating the DCC model. The log-likelihood function for our bivariate model is, (9) and rearranging, we obtain the log-likelihood as the sum of the volatility component (L  ) and correlation component (L  ). Let  denote a vector of parameters in D  and  be other parameters in R  .
ne may obtain the parameter estimates by maximizing L  (). Given, maximization of L  ³  ´yields the estimates for .
The Nonlinear Conditional Correlation Model
Notwithstanding its usefulness in investigating the time-varying nature of conditional correlations, the DCC-MGARCH model is not suitable to detect a regime shift in conditional correlations between international asset returns, since it estimates continuously time-varying correlation coefficients. For this purpose, we employ a nonlinear conditional correlation MGARCH (NLCC-MGARCH) model similar to the one proposed by Berben and Jansen (2005) . We assume that the conditional covariance matrix H  in (2) obeys the following stochastic process.
where −1     1  =   denotes the correlation coefficient in the low (tranquil) and high (contagion) correlation regimes, respectively.  (·) is the probability/transition function of the high correlation regime,   is the time-dependent transition variable, and  denotes a vector of parameters.
Following Berben and Jansen (2005), we assume that   is a function of time,  . This specification is simple, but useful in modeling an unusually high conditional correlation,   (   ), which may occur during a contagion period triggered by a crisis. We consider the following transition function.
The transition function (13) is the time-dependent exponential smooth transition (EST) function.
Berben and Jansen (2005) use the logistic smooth transition function, which is suitable to model a permanent regime shift. Since we are more interested in a temporary shift to   , we consider an exponential type transition function.  determines how quickly transitions occur (smoothness) and  is a location parameter. We can estimate the unknown parameters of the EST NLCC-MGARCH model by maximizing the following log-likelihood function with respect to all parameters simultaneously.
.
The DCCX-MGARCH Model
We now propose a novel DCC-MGARCH model where the conditional correlation coefficient is determined by exogenous variables (DCCX-MGARCH). We assume the following.
fundamental variables that affect the size of the conditional correlation. This approach is useful for identifying propagation channels of potentially harmful effects of crises.
We propose the following parameterization for such a conditional correlation function.
Empirical Results
Data and Summary Statistics
We utilize daily observations of stock indices and foreign exchange rates obtained from Bloomberg. We first note strong co-movement phenomena in equity prices (see Figure 1 ) and in foreign exchange rates (see Figure 2 ) during our sample period. Especially, all national equity prices fell substantially around the collapse of Lehman Brothers in September 2008. Similarly, abrupt depreciations of most currencies against dollars were observed during the Lehman episode with exceptions of the Philippines and Taiwan. It should be also noted that the GARCH volatility substantially rose around the Lehman failure for all equity returns and for three exchange rates, the Euro, the Indonesian Ruphia, and the Korean Won.
Figures 1 and 2 about here
We report some preliminary summary statistics of our baseline data in Table 1 . The mean value of the US equity returns was the lowest, while Indonesia's average equity return was the highest. With exceptions of Indonesia and Korea, all countries experienced negative returns on average during the sample period. Also, on average, the US dollar lost its values against the Euro, the Thailand Baht, and the Taiwan Dollar, while gained value against other currencies. For the variables that determine conditional correlations of asset returns, we use daily amounts of the buy and sell equity order flows by foreign investors, the sovereign CDS premium, the VIX index, the TED spread, and the Libor-overnight index swap (OIS) spread. 7 The fundamental variables that determine the size of DCC are briefly discussed below.
One motivation of using the amount of foreign order flows in local stock markets is an observation of high dependence of local stock markets in the emerging Asian countries on the trade patterns of foreign investors. We use the total amount of the buy-and sell-order by foreign investors instead of their net order flows, because the total amount should better proxy the degree of financial linkages between countries.
We also employ the sovereign CDS premium, costs of insuring against a sovereign default, as a measure of country risk of emerging Asian economies. The sovereign CDS premium of these 5 countries soared beginning in September 2008.
The VIX index, the Chicago Board Options Exchange (CBOE) volatility index, is used as a proxy for market uncertainty. It is a widely used barometer of investor fear. 8 The TED spread is used as a measure for the level of financial stress in the interbank market. The TED spread is the difference between the three-month LIBOR and the yield on the US Treasury bills with same maturity. 9 The Libor-OIS spread is a measure of the market-wide liquidity risk. Adrian and Shin (2008) point out that aggregate liquidity can be understood as the rate of growth of the aggregate financialsector balance sheet. A fall of asset prices during the crisis makes banks reluctant to lend in the interbank market. This would reduce market liquidity and require a higher risk premium for longer maturity loans. The spread between the term and overnight interbank lending, then, would rise reflecting banks' reluctance to extend longer maturity loans. The Libor-OIS spreads increased 8 The VIX index is a volatility index implied by the current prices of options on the S&P 500 index. It represents expected future stock market volatility over the next 30 days. 9 Eichengreen et al. (2009) point out that the TED spread reflects not just banking sector credit risk but also includes liquidity or flight-to-quality risk since it can be decomposed into the banking sector credit risk premium (LIBOR-OIS) and liquidity or flight-to-quality premium (OIS-T-Bill). The TED spread rose sharply in the postLehman crash period due to a substantial increase in credit risk (the LIBOR-OIS spread) instead of the rise in the liquidity premium (the OIS-T-Bill differential).
substantially after the collapse of Lehman Brothers in September 2008. We omit summary statistics for these variables to save space.
Estimation Results
We first present a conventional diagonal BEKK-MGARCH (Engle and Kroner, 1995) estimation results in Table 2 Tables 5 and 6 . See Figure 6 for the conditional correlation estimates of these models.
The results are overall consistent with our previous findings. With an exception of Thailand equity returns, estimated conditional correlations rapidly rise to the contagion regime around the Lehman episode period. It should be noted that the   estimates are substantially different from the   estimates. In the case of Indonesia, for example, the equity correlation estimate increased from about 0.363 to 0.836 and the exchange rate correlation moved from 0.137 to 0.536. Similar findings were observed for the rest of the countries with an exception of Thailand equity returns.
We also note that smoothness parameter estimates of the EST model are quite large, implying regime shifts occur fairly abruptly. This provides additional evidence for the existence of contagion triggered by unexpected news shocks. We also note that estimated durations of the contagion period are fairly short.
In a nutshell, our results imply that the US financial crisis had a strong spillover effect on We consider the VIX index as a US financial market stability measure, and the TED spread and the dollar Libor-OIS spread as the US risk premium or liquidity availability measures. We expect these financial instability/fragility measures of the source country to have positive effects on the conditional correlation. Second, we consider the sovereign CDS premium as a measure of potential financial fragility in emerging Asian countries, which may increase likelihood of spillover effects.
Thirdly, we also consider the amount of foreign buy-and sell-order flows as an exogenous factor in local stock markets. Sudden drainage of foreign capital (flight to safety) may cause severe liquidity crunch, which may increase odds of contagion.
We report our parameter estimation results in Tables 9 and 10 . Conditional correlation estimates appear in Figure 7 . Our major findings are as follows.
First, for the equity returns, foreign capital has a significantly positive effect on conditional correlations in all five countries. The Libor-OIS spread has an insignificant effect for all countries.
The sovereign CDS premium has a significant effect on the correlations in Indonesia and Philippines, though with a negative sign. For those two countries, the VIX index has a significantly positive effect, implying that uncertainty in the US stock market may spread to those countries. Based on these findings, we believe that the spillover effect of the US stock market shocks is mainly due to surges in foreign capital and propagations of US uncertainty to some emerging Asian countries.
Global liquidity conditions seem to have an insignificant effect. Given the interconnectedness of global financial markets, investors' increase in global risk aversion triggered by problems in advanced economies rapidly spilled over into emerging countries, as funds were pulled out from the latter and subsequently invested into the safest and most liquid assets such as mature market fixed income securities (Frank and Hesse, 2009).
Our findings on stock markets are similar to those of Didier et al. (2010) . In their study that analyzes the driving factors of the co-movement between US stock returns and returns in 83 countries, they also find that a larger share of US investors' asset holdings in foreign markets is associated with a more pronounced reaction to the US crisis. 10 Second, the Libor-OIS spread, the sovereign CDS premium, and foreign capital appear to have overall positive effects on conditional correlations with an exception of Korea for the CDS premium.
Especially, the amount of foreign buy-and sell-trades has a significantly positive effect on 3 out of 5 countries. Although the TED spread appears to have a significant effect on Korea, the Philippines, and Taiwan, it comes with a negative sign for all five countries, which lacks economically meaningful interpretations. Overall, it seems that the Libor-OIS spread, the sovereign CDS premium, and foreign capital play important roles for determining conditional correlations in international foreign exchange markets. 11 The results on exchange rates seem consistent with arguments that the current global crisis spreads quickly to other countries, first through lack of available liquidity and then through concerns on solvency and loss of confidence. Third, Figure 7 clearly illustrate substantial and abrupt changes in dynamic conditional correlations during the Lehman Brothers episode, which, we believe, imply our DCCX-MGARCH model is a useful tool in studying spillover effects of financial crises. 10 Didier et al. (2010) point out that their finding is consistent with a "margin calls" story. Facing large capital losses at home, US investors withdrew money from foreign investments, which leads to a substantial effect especially on countries where the share of foreign investments by the US is larger. 11 Frank and Hesse (2009) also report the important role of the dollar Libor-OIS spread for channelling adverse shocks to other countries. They find that correlations between the US Libor-OIS spread and the EMBI+ sovereign bonds spreads of Asia sharply increase following the onset of the subprime crisis. Tables 7 and 8 
Concluding Remarks
The present paper uses an array of MGARCH models to estimate dynamic conditional correlations of financial asset returns between the US and five emerging Asian countries. Our major findings imply that the recent US financial crisis, triggered by the collapse of Lehman Brothers in September 2008, has a substantial spillover effect on emerging Asian countries. Our analysis shows that the conditional correlation, overall, abruptly rose to a much higher level around the Lehman Brothers failure period and such a high correlation has persisted for a fairly short period of time. Put differently, we find short-lived but non-negligible financial contagion from the US to emerging Asian countries.
We also investigate major factors that determine the size of conditional correlations using a novel DCCX-MGARCH model. Especially, we find a substantial role of the foreign investors for comovements across international equity markets. In the foreign exchange markets, the dollar Libor-OIS spread, the sovereign CDS premium, and the amount of foreign order flows have significant effects on determining dynamic conditional correlations.
Our analysis provides the following policy implications. Our NLCC-MGARCH model estimations imply that spillover effects of the US financial crisis occurred abruptly. Though financial contagion seems to persist for a fairly short period of time, its impacts can be substantial and potentially harmful to these countries. This implies that emerging Asian countries are quite vulnerable to external shocks and can experience a sudden acceleration of systemic risk through deterioration in both the capital and the foreign exchange markets. This possibility calls for a need to construct a financial stabilization mechanism against contagion originating from other countries.
It also appears that foreign investors play a potentially important role in channeling foreign crises to domestic economies. Therefore, emerging countries should make an effort to lessen this effect, possibly by supporting the role of domestic institutional investors in terms of total transaction volumes in these financial markets.
Lastly, we find a stronger spillover effect in the foreign exchange market than the equity market.
Given the importance of trade accounts in these emerging Asian economies, foreign exchange market instability caused by external shocks may lead to a serious dollar liquidity problem even when their economic fundamentals are healthy. Therefore, it is advised for these countries to equip institutional arrangements to enhance international cooperation, such as currency swap agreements. 
Note: i) p-values are reported in parentheses. ii) * indicates statistical significance at the 5% level. 
Note: i) p-values are reported in parentheses. ii) * indicates statistical significance at the 5% level. Note: i) x 1 , x 2 , x 3 , x 4 are the foreign investment, the sovereign CDS premium, the VIX index, and the dollar Libor-OIS spread, respectively. ii) p-values are reported in parentheses. iii) * indicates statistical significance at the 5% level. 
